Growth promotion and iron transport studies revealed that certain at-keto acids generated by amino acid deaminases, by enterobacteria of the Proteus-Providencia-Morganella group (of the tribe Proteeae), show significant siderophore activity. Their iron-binding properties were confirmed by the chrome azurol S assay and UV spectra. These compounds form ligand-to-metal charge transfer bands in the range of 400 to 500 nm. Additional absorption bands of the enolized ligands at 500 to 700 nm are responsible for color formation. Siderophore activity was most pronounced with ce-keto acids possessing an aromatic or heteroaromatic side chain, like phenylpyruvic acid and indolylpyruvic acid, resulting from deamination of phenylalanine and tryptophan, respectively. In addition, cK-keto acids possessing longer nonpolar side chains, like a-ketoisocaproic acid or a-ketoisovaleric acid and even a-ketoadipic acid, also showed siderophore activity which was absent or negligible with smaller a-keto acids or those possessing polar functional groups, like pyruvic acid, ce-ketobutyric acid, or a-ketoglutaric acid. The fact that deaminase-negative enterobacteria, like Escherichia coli and Salmonella spp., could not utilize a-keto acids supports the view that specific iron-carboxylate transport systems have evolved in members of the tribe Proteeae and are designed to recognize ferric complexes of both ce-hydroxy acids and oe-keto acids, of which the latter can easily be generated by L-amino acid deaminases in an amino acid-rich medium. Exogenous siderophores, like ferric hydroxamates (ferrichromes) and ferric polycarboxylates (rhizoferrin and citrate), were also utilized by members of the tribe Proteeae.
Siderophores are essential for iron nutrition in virtually all microorganisms. Catecholate-and hydroxamate-type siderophores are well known and have been described for various bacterial genera (17) . Members of the family Enterobacteriaceae have been studied extensively for siderophore production and iron transport. It has been shown that certain species of enterobacteria, such as Escherichia coli, Salmonella spp., Shigella spp., and Kiebsiella spp., produce predominantly or exclusively the catecholate-type siderophore enterobactin (9) (10) (11) . Recently, we have shown that other members of this family, namely, Erwinia spp., Pantoea spp., Enterobacter spp., and Hafnia spp., produce ferrioxamine-type siderophores (1, 13) . Enterobacter species and certain other enterobacteria have previously been shown to produce a mixed functional carboxylate-hydroxamate-type siderophore, named aerobactin (5, 10). Moreover, enterobacteria are able to utilize a variety of exogenous siderophores produced by fungi and other bacteria (12) , suggesting that the spectrum of utilizable siderophores within these bacteria is even greater.
Although a-hydroxyisovaleric acid had been identified earlier as a siderophore in Proteus mirabilis (4) , its general importance for iron nutrition in these bacteria seems questionable, especially in the presence of amino acid-rich media. It is well known that the amino acid deaminase reaction is the most distinguishing feature of the tribe Proteeae (6) and is responsible for a wide variety of ox-keto acids produced from amino acids prevailing in a complex medium * Corresponding author. (15) . We therefore monitored the production of various a-keto acids in the Proteus-Providencia-Morganella group and studied siderophore activity by growth promotion and iron transport assays. This work presents evidence that ot-keto and a-hydroxycarboxylic acids proved most suitable for iron nutrition in the Proteus-Providencia-Morganella group and may be regarded as typical siderophores of members of the tribe Proteeae.
MATERIALS AND METHODS
Strains and growth conditions. E. coli AB 2847 and Salmonella typhimurium TA 2700 are aroB and ent mutant strains, respectively, and are unable to synthesize enterobactin. These strains were used as a control for deaminase-negative enterobacteria. Proteus vulgaris, P. mirabilis NM 12, P. mirabilis 8993, P. penneri, Providencia rettgeri 19, P. rettgeri 39, P. rettgeri 44, P. rettgeri 62, P. rettgeri 29395, P. rustigianii 2, P. alcalifaciens 4587, P. stuartii 167 mediated by a-keto acids and other siderophores was determined as described earlier (16) . Cells were grown overnight at 37°C in M9 low-iron minimal medium, washed with M9 medium, and suspended in fresh M9 medium (optical density at 578 nm, 0.7 to 1.0). The transport assay mixture contained 2 pM iron (55Fe; specific activity, 0.435 Bq/pmol) in the presence of 40 pM ligand (Fe/ligand ratio, 1:20). "Felabelled ferric complexes were added at time zero to the culture (6 ml), and samples (0.6 ml) were taken at intervals, filtered through membrane filters, and washed with 5 ml of saline. Radioactivity was counted in a liquid scintillation counter. Uptake was calculated as nanomoles of Fe per milligram of dry weight.
RESULTS
Iron-binding properties of ao-keto acids. Valine, leucine, tryptophan, and phenylalanine were used as representatives of amino acids that are amenable to oxidative deamination and iron complex formation. The resulting ferric complexes
Structural formulas of valine, leucine (R = isopropyl), phenylalanine (R = phenyl), and tryptophan (R = indolyl) and their deamination products (a-keto acids = 2-oxo acids) depicted as ferric complexes of the oxo form and the enolized form.
can be formulated as keto-carboxyl or enol-carboxyl bidentates ( Fig. 1) . Although the formation constants of at-keto and a-hydroxy acids with iron seem to be comparable, studies with CAS revealed that the a-keto acids give more intense decoloration zones than the corresponding a-hydroxy acids, indicating that iron binding by keto acids is more pronounced (data not shown). Moreover, among the a-keto acids studied, a-ketoisovaleric and a-ketoisocaproic acids were not as effective as the two aromatic ligands phenylpyruvate and indolylpyruvate, suggesting that ironbinding strength is also considerably influenced by the nature of the side chains.
UV and visible-light spectra of the ferric complexes of phenylpyruvate and ao-ketoisocaproic acid at pHs 4.8 and 3.1, respectively, revealed two absorption bands at around 300 to 500 and 500 to 700 nm ( Fig. 2) , suggesting the presence of ferric complexes with characteristic ligand-to-metal charge transfer bands. Similar spectra were recorded with ferric complexes of indolylpyruvate and a-ketoisovaleric acid (data not shown). In contrast, the ferric complexes of the corresponding a-hydroxy acids showed only one absorption band, in the range of 300 to 400 nm ( Fig. 2) , and no additional absorption bands in the visible region. The visible absorption band of the at-keto acids led to yellow-green, red, or grey-violet with the phenylpyruvate, indolylpyruvate, and a-ketoisocaproate complexes, respectively, and is due to the enolizing ability of the keto group. The concentrations used were 0.5 mM ferric chloride and 1.5 mM phenylpyruvic acid in a water-methanol (3:1) mixture which allowed formation of mononuclear 1:3 Fe-ligand complexes. UV cultures of P. mirabilis, phenylalanine and tryptophan were added (1%) and the culture filtrate was extracted with ethylacetate after 24 h of incubation at 370C. Phenylpyruvate and indolylpyruvate were then identified by HPLC separation on reversed-phase columns by the coinjection procedure (Fig. 4) . Peaks of phenylpyruvate (19.4 min) and indolylpyruvate (18.7 min) were clearly identified in ethylacetate extracts by coinjection. Quantitative analysis by HPLC also revealed that approximately 50% of the added amino acid was transformed into the corresponding oa-keto acid, which would guarantee a sufficient iron supply via siderophores. However, the corresponding a-hydroxy acids 3-phenyllactic acid and 3-indolyllactic acid were absent in these extracts, suggesting that simultaneous reduction to the hydroxy acids did not take place.
While a-keto acids prevailed in amino acid-rich media, a-hydroxyisocaproic acid was the predominant acid in M9 minimal medium (plus 1% inoculum, Luria-Bertani medium) containing ammonium sulfate instead of amino acids. As proven by coinjection (Fig. 5) , a-hydroxyisocaproic acid was the principal hydroxy acid in culture filtrates of P. mirabilis 8993. This was also true for some other strains (data not shown). However, in M9 minimal medium no o-keto acids were detected by HPLC. Thus, the predominant a-hydroxy acid seems to originate from intracellular pools of leucine after subsequent reduction, while a-keto acids seem to appear only when amino acids are exogenously present in the incubation medium.
Siderophore activity. Growth promotion tests are very sensitive bioassays for determination of nutritionally available iron sources for bacteria. As shown in Fig. 6 , cc-keto acids behaved differently, depending on chain length and lipophilicity. While good growth response was observed with the ferric complexes of indolylpyruvate, phenylpyruvate, a-ketoisovaleric acid, a-ketoisocaproic acid, and a-ketoadipic acid, virtually no activity was found with the more polar pyruvic acid and a-keto-glutaric acid. A small but significant amount of activity was also found with o-ketobutyric acid after prolonged incubation. Comparable results were obtained for a variety of other strains among members of the tribe Proteeae (Table 1) . These results suggest that the receptors for ferric ao-keto acids require not only a ferric carboxylate complex but also a lipophilic or aromatic side chain. Contrary to the results obtained with a-keto acids, the corresponding a-hydroxy acids were only weakly effective at identical concentrations and under the same conditions. Thus, because of their absence in amino acid-rich media, the corresponding a-hydroxy acids seem to be replaced by ae-keto acids in complex media. On the other hand, growth in M9 minimal medium resulted in the absence of a-keto acids and the presence of a-hydroxy acids. Figure 6 also shows the growth response with four exogenous siderophores on an agar plate seeded with M. morganii 13. While the siderophore activity of ferrioxamine E and coprogen was quite low, there was a remarkable growth response with ferrichrome and Fe-rhizoferrin, two fungal siderophores. Ferrichrome is a hydroxamate-type siderophore isolated from ascomycetous and basidiomycetous fungi, while rhizoferrin is a polycarboxylate siderophore characteristically produced by members of the class Zygomycetes (18 
DISCUSSION
In microbiological identification tests, the activity of the phenylalanine or tryptophan deaminase in the Proteus-Providencia-Morganella group is well known and generally detected by color formation after addition of ferric ions (6) . The deaminase reaction test is based on formation of a ferric complex after simple addition of ferric chloride to an incubation mixture in which tryptophan or phenylalanine has been deaminated to indolylpyruvic acid and phenylpyruvic acid. The resulting iron complex is green with phenylpyruvate and red-brown with indolylpyruvate (15) . However, the deaminase reaction is not restricted to phenylalanine and tryptophan and the predominant a-keto acids produced in the incubation medium depend on the presence of the prevailing amino acids.
A large collection of members of the tribe Proteeae was studied in the present investigation, and there was no exception with regard to iron utilization mediated by ax-keto acids. Short-chain and polar a-keto acids, like pyruvate, a-ketobutyrate, or a-ketoglutarate, were generally not well accepted by the iron carboxylate transport systems, although a-ketobutyrate seemed to be effective after prolonged incubation. It should be emphasized that a-keto acids do not form very stable complexes with ferric iron compared with the hydroxamate siderophores. However, complex stability seems to be high enough to be detected by their absorption spectra and with CAS. Therefore, in the absence of catecholate and hydroxamate siderophores, neither of which is produced by members of the tribe Proteeae, the a-keto acids are stable enough to function as iron transport ,agents. Interestingly, the ferric complexes are more stable in a slightly acidic environment, as revealed by their UV spectra. This correlates well with the positive methyl red reaction of members of the tribe Proteeae, which is characteristic for acid production down to pH 4.4.
In the present investigation, a-hydroxyisocaproic acid was the predominant hydroxy acid in low-iron cultures of P. mirabilis 8993 and other members of the tribe Proteeae, suggesting that in minimal media like M9, a-hydroxy acids can take over the role of siderophores. A smaller analog, a-hydroxyisovaleric acid, has been isolated earlier as a siderophore of P. mirabilis in low-iron medium (4) . However, we found that the chain length is different, yielding a-hydroxyisocaproic acid as the predominant a-hydroxy acid; this may be due to differences in low-iron media and the corresponding changes of metabolic pathways for amino acid biosynthesis. Both valine and leucine are biosynthetically closely related, as they originate from a common precursor, acetolactate. The preference for leucine as a precursor may also rely on the specificity of the intracellular deaminase, as was shown for the eukaryotic L-amino acid oxidase (8) . The preferred production of a-hydroxyisocaproic acid in all genera of the tribe Proteeae argues in favor of a main pathway for its biosynthesis in low-iron media.
Although the iron-binding properties of most a-hydroxy and a-keto acids seem to be comparable, phenylpyruvic acid and indolylpyruvic acid were significantly better iron-binding ligands than the corresponding phenyllactic and indolyllactic acids, as revealed by the CAS assay. While growthpromoting activity was observed with all members of the tribe Proteeae, no siderophore activity was found in E. coli and Salmonella strains. E. coli AB2748 is unable to produce enterobactin because of an aroB mutation. Enterohactin is known to be an extraordinarily strong iron chelator which might interfere with iron complexation by a-keto acids. S. typhimurium TA 2700 is also an aroB mutant and in addition carries sidA4, which, like the tonB mutation, prevents the transport of any hydroxamate-type siderophore. Thus confirm that under these conditions at strong iron limitation deaminase-negative enterobacteria do not use a-keto acids as siderophores and that this route is a very particular route of the tribe Proteeae. As in other enterobacterial genera, uptake of some exogenous hydroxamate siderophores was also observed. For example, ferrichrome was one of the most efficient siderophores in all members of the tribe Proteeae, whereas coprogen and ferrioxamines were not as effective and hydroxamate siderophore activity was even lacking in M. morganii SBK3, as reported earlier (17) . Surprisingly, the newly described polycarboxylate siderophore rhizoferrin, isolated from fungi of the class Zygomycetes (2, 3, 16) 
